Abstract-High-altitude balloons can carry small payloads to altitudes higher than 100,000 feet into the stratosphere to so called "near-space", where satellite components and payloads can be tested in harsh environment to simulate the actual space environment. In particular, a high-altitude balloon flight with satellite communication payloads weighing up to a few pounds is a cost-effective to test the link. In this balloonSat project, several challenges in the stratosphere testing of CubeSat satellite were explored. The focus of the test included functionalities of batteries and 2.4 HGz transceiver in low temperature and long range. In addition, the GPS-enabled radio system functionality was tested for changing altitude and velocity during the flight. A 9 degree-of-freedom sensor logged the flight condition throughout the mission. Using the GPS and Automatic Position Reporting System (APRS), a balloonSat was tracked and recovered successfully. The results showed that all components tested functioned well.
I. INTRODUCTION
The atmosphere surrounding the Earth's surface consists of several layers, which are defined by physical properties mostly: temperature, wind speed, air density, and atmospheric pressure. The layers of the atmosphere are named, starting from Earth's surface, such as troposphere, stratosphere, mesosphere, thermosphere and exosphere [1] - [3] .
The troposphere layer extends from the earth's surface up to 10 to 18 km in altitude, but the defining altitude varies upon seasons and geographical positions. The air pressure of higher points of the troposphere is measured merely as ten percent of sea level's air pressure. The air temperature of the troposphere generally decreases as it goes higher; and almost all weather phenomena including rain occur in the lower part of this layer.
It is known that around 80% of the total air mass resides in the lower altitude of the troposphere layer. The stratosphere, which resides above the troposphere, stretched with an altitude of approximately 50 km above the ground. The ozone layer resides in the upper stratosphere and more than 99% of the total air mass is concentrated in the first 40 km from the earth's surface. This layer is primarily responsible for absorbing the ultraviolet radiation from the Sun. The stratosphere is characterized by its high static stability, with which the temperature goes up but the pressure decreases as its altitude is higher in this layer [1] , [2] , [4] , [5] . Fig. 1 shows a graphical representation of these regions. For this balloonSat project, the main objective was to test CubeSat satellite hardware in stratosphere for their survivability and functionality. Firstly, the components inside the CubeSat satellite [6] were to be tested as a payload to the balloon. Secondly, the satellite communication system consisting of a wireless 2.4 GHz modem (MXH2040 [7] ) for long-range signal strength and functionality using a circular patch antenna [8] . In order to verify the full functionality of the 2.4 GHz wireless modem communication with another wireless modem on the ground, which has been connected to a laptop with a wireless "rubber-ducky" antenna, a space system programs that can collect data every second during the balloonSat flight has been developed in-house. Thirdly a 9-degree sensor has been deployed as part of the payload system in order to analyze the balloonSat flight path. The objective was to utilize the 2.4 GHz modem in the stratosphere for transmitting 9-degree sensor data at regular intervals. Accordingly, the ground receiver modem of the laptop computer has been programmed to receive data every second. Lastly, the collected data was to be analyzed in order to build a payload that can be more stable and transmit data with less number of interrupts during the balloon launch and flight [1] , [3] , [6] .
The paper is organized as follows. In Section II, balloonSat design and its related challenges are illustrated. In Section III, the design and development of the balloonSat payloads are described in detail. In Section IV, the tracking of the balloon is illustrated with figures. In Section V, the collected balloonSat data in real time during the flight is explained. Lastly, the paper concludes with summary and future thoughts on the balloonSat. A typical balloonSat employed by the East Stroudsburg University weighs up to around 4kg and soars up to reach altitudes of higher than 100,000 ft a high altitude balloon and costs only several hundred dollars. This altitude of the stratosphere provides harsh conditions of tough and significant scientific and engineering challenges. At this altitude, temperatures drops to below 40°C and air pressures reach near vacuum conditions as shown in Fig. 1 . At this altitude, the balloon expands to about 25ft in diameter because of the reduced air pressure and eventually bursts on its own. Following the balloon burst, the ballooSat deploys a parachute that allows the payload to survive its trip back to the Earth. When the balloon bursts, initial descent speeds reach the speed of sound 340.3 m/s. When the balloonSat reaches lower altitudes, condensation can be severe. As seen in Fig. 2 , the payload system was contained in a Styrofoam box, into which insulation peanuts were added to make sure the battery temperature does not fall below the specified working temperature. A circular 2.4GHz patch antenna was placed at the bottom of the balloon payload, as can be seen as a green shiny plate in the figure. A GoPro camera [9] was tightly taped to bottom of the box. A TinyTrak tracking device that uses GPS and Automatic Position Reporting System (APRS) [10] was tethered to the strings that wrap the Styrofoam box, above which a parachute was fastened with the strings hanging just below the balloon. The balloonSat can be tracked throughout its flight and recovered after landing using APRS. A 1200g latex balloon was used for the flight. Fig. 2 shows the remains of the balloon after it burst at high altitude, upon recovery [11] - [14] . The payload system is based on the Pumpkin CubSat kit with a dsPIC33 pluggable processor module [15] , which takes data from a Sparkfun 9 DOF Inertial Measurement Unit that is comprised of three individual chips collecting 3 DOF sensor data respectively. Other satellite components integrated into the CubeSat satellite payload include a Microhard MHX 2420 modem that transmits the string values collected from each sensor over a single UART connection, a 2.4GHz Flytron circularly-polarized patch antenna [8] that sends signals to the ground receiver, and a Pumpkin Electrical Power Systems (EPS) that uses two 3.7 V Lithium ion batteries for supplying power [6] , [16] .
The payload system flight software has been developed using C program language running on a Microchip dsPIC33 [15] . A 16-bit digital signal controller (PPM D2) mounted on top of FM430 Flight Module [6] works with +5V single supply, 3.3V I/O, and stackable 104-pin CubeSat Kit Bus connectors. The flight microcontroller is a TI's single-chip 16-bit MSP430 ultralow-power RISC microcontroller with 50-60KB Flash, 2-10KB RAM, 48 I/O pins, 2 USART, 2 SPI, 1 I2C, 12-bit ADC, 12-bit DAC, 3 DMA, multiple timers, on-board temperature sensor, and multiple clock sources.
The Sparkfun 9DOF sensor node is mounted on top of the CubeSat Kit proto board. The payload node periodically measures three 3 DOF sensor data and transfers the data to the MXH 2420 modem for transmitting to the ground receiver computer. It requires 3.3V power, making the interface with the dsPIC processor easy due to the fact that all signal voltages are the same. The Sparkfun 9 DOF Razor uses the Universal Asynchronous Receiver Transmitter (UART) Bus to connect to the dsPIC processor. The 9DOF Razor incorporates three sensors -an ITG-3200 (MEMS triple-axis gyro), ADXL345 (triple-axis accelerometer), and HMC5883L (triple-axis magnetometer) that provides nine degrees of inertial measurement [17] - [19] . The outputs of all sensors are processed by an on-board ATmega328 and transmitted over a serial interface.
III. BALLOONSAT TRACKING The tracking device hanging below the balloonSat broadcasts its current GPS coordinates through a satellite link every several minutes. The GPS data points of the balloon path are then recorded, and displayed on the map as shown in Fig. 3 . This allows us to track the balloon nearly in real time from the initial launch to the final descent down to the ground, except around more than 5 min with no communication that occurred around the altitude of 77,000 ft. The contact was reestablished around 89,000 ft again on its way down, as in the middle of Fig. 3 as a straight horizontal line crossing over the circle. Fig. 3 also verifies that there has been no communication between altitudes from 76,732 ft to 89,563 ft, which has been traced by a ground amateur radio station. This is due to the wrong type of GPS antenna being installed in the balloonSat. A special type of GPS antenna with altitude restriction removed was to be used for the flight, but was switched out by mistake during the assembly of the payload. The "normal" GPS antenna that was used had an altitude limiter that triggered around 88,000 ft of altitude, where the GPS data stopped being delivered. As the payload started to decend, the signal was reestablished as it passed below about 88,000 ft of altitude. Fig. 4 represents a total coverage area that the balloonSat has been detected by amateur radio stations, and that expands more than 325 miles in radius. The balloonSat signals were even detected by some radio stations distanced more than 350 mi away. The tracking device of our balloonSat continued to broadcast its position after landing which facilitated locating and retrieval of the balloonSat intact easy. The recovered balloonSat is shown in Fig. 2 . IV. REAL TIME BALLOONSAT DATA During the balloonSat's ascent, the 9 DOF sensor data were collected: 3 DOF of accelerometer (ADXL345), gyroscope (ITG 3200), and magnetometer (HMC5883L). The 9 DOF data had been downlinked, and saved on a ground laptop computer every second during the whole flight. The 9 DOF data had been collected as immediately as the balloonSat starting to lift until it landed on the ground. A part of the downlinked sample data is shown in Fig. 5 . Each row starts with the current date, which is followed by 3 DOF values of accelerometer, gyroscope, and magnetometer.
The accelerometer, ADXL345, works with a 10-bit value, and each increment from the Least Significant Bit (LSB) is equivalent to 39mg or 0.039g. The ADXL345 is a small, thin, low power, 3-axis accelerometer with high resolution measurement at up to ±16g. It measures the static acceleration of gravity in tilt-sensing applications, as well as dynamic acceleration resulting from motion or shock. Its high resolution (4 mg/LSB) enables measurement of inclination changes less than 1.0°. Digital output data is formatted as 16-bit twos complement and is accessible through either a SPI (3-or 4-wire) or I2C digital interface. As an example, at uptime 3,256 a (x, y, z) of the ADXL345 is given as (46, -256, -95), which is calculated by multiplying 39mg such as (46×0.039, -256×0.039, -95×0.039) that is equal to (1.79, -9.98, -3.71) [18] .
The gyroscope, ITG-3200, is a single-chip, digital-output, and 3-axis Microelectromechanical systems (MEMS) gyro Integrated Circuit (IC). The ITG-3200 features three 16-bit analog-to-digital converters (ADCs) for digitizing the gyro outputs, a user-selectable internal low-pass filter bandwidth, and a Fast-Mode I2C (400kHz) interface. Additional features include an embedded temperature sensor and a 2% accurate internal oscillator. Its digital-output X-, Y-, and Z-Axis angular rate sensors (gyros) on one integrated circuit with a sensitivity of 14.375 LSBs per °/s and a full-scale range of ±2000°/s [17] .
The magnetometer, HMC5883L is a surface-mount, multi-chip module designed for low-field magnetic sensing with a digital interface for applications such as low-cost compassing and magnetometers. The HMC5883L provides a 12-bit ADC that enables 1° to 2° compass heading accuracy. The I2C serial bus allows for easy interface. This sensor features precision in-axis sensitivity and linearity, and is designed to measure both the direction and the magnitude of Earth's magnetic fields, from millimeter-gauss to 8 gauss [19] . Fig. 5 shows a sample output of the collected 6 DOF data. 
V. BALLOONSAT DATA ANALYSIS
Approximately 5,000 data elements have been collected in real-time during the flight that started at a relative time of 3,240 and ended at 8,348, which is equivalent to around 5,100 s as each data point was collected every second. Note that the receiver computer for the project has been programmed to collect 9 DOF sensor data every second in real time during the balloon flight, so as to collect the data for more than one-and-half hours which was almost the whole flight time except the last several minutes' of high-velocity landing over the slight hill of corn fields. It was challenging to align the receiver antenna with the balloonSat antenna because the line of sight was difficult to maintain during the landing.
A further investigation into the period of loss-of-contact has been carried out by examining the sensor data collected during this period of time. The sensor data collected before and after the no-data periods are applied for further analysis, which have been highlighted in Fig. 5 as shown. Upon analyzing the gyroscope data of z-axis, there had been much turbulence during the flight. Based upon the accelerometer data of z-axis, the balloonSat had been ascending and descending at a steady pace. Those data sets are plotted in Fig.  6 using MATLAB [20] . The highlighted data sets indicate that there have been no data collected from the balloonSat. The first instance of no data was happened between the time unit 6,552 and 6,939, which translates to approximately at 7 min mark, and the last instance of no data was between time 6,968 and 7,618, which would be approximately at 10 min mark. As shown in Fig. 6 , the data have been plotted upon the corresponding time units so that the time unit zero of x-axis is mapped to the time unit 6,445 from the entire sensor data set. The data at unit 107 of x-axis in Fig. 6 is the data collected just before the data collection gap from the balloonSat, as well as the data at unit 113. Based on the analysis, the data collection gap can be attributed to higher-than-normal acceleration occurrence at around time unit of 113, as shown by high fluctuation recorded by the z-axis accelerometer. Based on analysis the no-data periods would have occurred due to sudden changes in wind speed. In order to see this plausibility of no-data, magnetometer data has been selected for the analysis. Fig. 7 shows the z-axis data of magnetometer plotted upon the corresponding time unit. As seen in the above plot, however it is not easy to say that there exist some differences around the time unit 107 or 113 since most data have been showing no noticeable differences in magnetometer data. In addition to the reasoning mentioned above, another possibility of stoppage in 9 DOF data collection can be due to a very high speed and gusty wind conditions that moved that balloon payload more than 21 mi in about 5 min between two locations: (40 18 56 95 N, 76 21 48 55 W) and (40 20 15 15 N, 76 00 40 46 W) -(latitude, longitude). As can be seen in the position data shown in Fig. 3 , there is almost no change in altitude value but there is a difference of 21 mi of longitude, which is approximately equivalent to 21 mi on earth surface. From the analysis of data, it can be deduced that the balloon travelled approximately 21 mi in 5 min, which means that the average velocity of the balloon during this time is 250 mi/hr. If the balloon travelled from east to west with this speed of 250 mi/hr, the linear circular antenna of the balloonSat may not be pointed correctly to nadir direction due to high accelerations such that the communication could not be established with the receiver on the earth ground.
VI. CONCLUSION
High-altitude balloon satellite cost is relatively low but still provides a good testing platform for near space experiments as the conditions provided at high altitudes are similar to development and operation of real spacecraft systems. In this project, an actual CubeSat satellite hardware, as fully integrated into the CubeSat frame, was tested for functionality at the extreme environments encountered in the stratosphere. The results showed that the payload built with a CubeSat frame worked well during the entire flight as planned, and the wireless 2.4 GHz modem mostly transmits signals well every second to the ground station receiver connected to the laptop computer with a wireless "rubber-ducky" antenna. The flight software that was developed in-house for the balloonSat worked well during the whole balloonSat flight in collecting the 9 DOF sensor data in real time. The 9-degree sensor deployed as part of the balloonSat worked well to enable collection of the data for analyzing the balloonSat flight pattern. However, the data showed that there was a gap in the sensor data during the flight. When the balloonSat was at a higher altitude, the ground receiver could not receive the signals for more than 5 min from the 2.4 GHz modem integrated into the balloon payload. From analysis, it is likely that a possible high-speed wind of 250 mi/hr may be the cause of this loss-of-contact. The attached antenna may have been swinging off-nadir due to high accelerations. This phenomenon will be tested further in subsequent balloon launches at the same location.
The collected data have been analyzed in order to build a better payload system that can be more stable and transmit data with less number of interrupts during the balloon launch and flight. The stabilization of the balloonSat platform is to be improved in order to achieve more efficient experiment process, as well as for safety to the hardware and recovery of the paylaod. The collected data from the accelerometer and gyro sensors are analyzed to characterize the stability of the payload during the flight. In the immediate future, our current payloads shall be upgraded to accommodate live telemetry through packet radio broadcasts as well as 2.4 GHz wireless modem. This update of the payloads will demand more experimentation on range and battery power usage, and stable antenna system that can transmit data continuously. It is expected to build and test the stratospheric communication systems operating in the higher frequencies as well as 2.4 GHz, which are very susceptible to harsh atmosphere.
